Purpose: The aim of this study was to investigate the effects of 1 day and 7 days ingestion of a green tea extract (GTE) on whole body fat oxidation during moderate-intensity exercise.
INTRODUCTION
Green tea is produced from the leaves of Camellia sinensis (L.) of the Theaceae family. Unlike black and oolong tea, green tea leaves are non-oxidised/non-fermented resulting in high quantities of catechin-polyphenols (catechins) (25) . The most abundant catechins are (-)-epicatechin, (-)-epicatechin-3-gallate, (-)-epigallocatechin and (-)-epigallocatechin-3-gallate (EGCG). Regular green tea consumption has been associated with many health benefits. In particular, EGCG has been attributed to protect against cardiovascular disease and cancer [For a full review see: McKay and Blumberg (29) ]. There is also a substantial body of literature investigating the effects of green tea ingestion on thermogenesis and fat metabolism (22) . While there is ever emerging evidence on the beneficial health effects of green tea and GTE ingestion, overconsumption of green tea and highly concentrated GTE may cause adverse effects (38) . However, it is yet to be defined how much green tea in ones diet is classed as detrimental to health. Thus, more in depth studies on the potential harmful effects of green tea consumption are warranted Regular GTE ingestion has been found to promote weight loss in some (8, 31, 32, 43 ), but not all (7, 18) of studies investigating the possible anti-obesity effects of green tea consumption. Wang et al (43) found that consumption of a catechin rich beverage containing caffeine (886 mg catechins and 198 mg caffeine), for 90 days, significantly decreased body weight by 1.7%. Although a small reduction in lean mass partially accounted for the weight loss, GTE intervention led to much larger reductions in body fat, and most notably, reductions in intra-abdominal fat. In addition a reduction in total and subcutaneous fat area was found when a GTE (~625 mg catechins) was ingested daily alongside regular exercise for 12 weeks (28) . The body weight and body fat loss, found in this study, may be a result of an upregulation of thermogenesis and substrate oxidation.
It is well established that fatty acids (FAs) are the predominant energy source at rest when fasted (21) . It has been suggested that green tea extract (GTE) ingestion may further enhance the relative use of fat as a fuel. Over a 24 hour period, Dulloo et al (13) observed that three feedings of a GTE plus caffeine (375 mg catechins/24 hour and 150 mg caffeine/24 hour) significantly decreased respiratory quotient (RQ) and elevated fat oxidation rates. This contributed to a significant increase in total energy expenditure compared to placebo (2.8%) and caffeine (3.4%). Consumption of a GTE at rest has not always been found to increase fat oxidation. Gregersen et al (16) found no change in substrate metabolism when GTE was ingested, in small but frequent doses, over a 13 hour period. However on balance, studies have found short term (24 hours) GTE ingestion to upregulate fat metabolism at rest (19) .
It has been speculated that GTE ingestion enhances lipid catabolism by prolonging and augmenting sympathetic stimulation (12) . More specifically, it is thought that EGCG inhibits catechol-O-methyltransferase (COMT), an enzyme that degrades catecholamines such as noradrenaline, resulting in enhanced lipolysis (27) . This would result in more available circulating FAs for potential oxidation.
During low to moderate intensity exercise fat oxidation rates are increased 10 fold, compared with resting values (21) . Research has found that GTE ingestion may further elevate fat oxidation during exercise, compared to exercise alone, in both animals and humans (6, 30, 34, 39, 42) . From our lab (42), a 17% increase in fat oxidation, during a 30 min exercise bout, was found following 1 day ingestion of GTE (890 mg of total catechins; 366 mg EGCG). This study used a supplementation protocol during which healthy lean males consumed GTE capsules (or placebo) in the 24 hours prior to and on the morning of the exercise trial.
The effects of long term GTE supplementation, on fat oxidation during exercise, have also been studied. Shimotoyodome et al (39) observed augmented fat oxidation rates in highfat fed mice following 15 weeks of GTE (81.3% catechins) ingestion, in combination with exercise training (running 3 days/week for 30min). In humans significantly higher fat oxidation rates (24%) have also been found during exercise, when GTE (570 mg consumed 3 times a week) was ingested over a 2 month period in combination with regular exercise (34), compared to placebo. However, a lower dosage of GTE, consisting of 160 mg of total catechins consumed daily for 3 weeks, did not alter substrate metabolism (14) . Together these studies suggest that long term supplementation, of higher doses of GTE, has the potential to upregulate fat metabolism.
Long term GTE supplementation studies in rodents have been associated with increased expression of proteins involved in fat metabolism (fatty acid translocase (FAT)/CD36 and medium-chain acyl-CoA dehydrogenase (MCAD) mRNA (6)), which could be an alternative to the COMT mechanism described above. Because the time course of change in enzyme activity would be days to weeks, this would not explain increases in fat oxidation with short term (24 hour) GTE ingestion. In summary, it appears that both short term and long term GTE ingestion has the potential to increase fat oxidation during exercise, but the mechanisms and time course might be different.
None of the studies investigating the effects of GTE ingestion on metabolism, have included plasma catechin data (5, 13, 14, 16, 34, 42) . It is known that absorption of GTE catechins is generally low, and may be affected by the conditions of consumption (9) . Therefore, even when the dose given is known, the rate and degree of catechin uptake is not known. Without these data the supplementation protocol that should be used, to see beneficial metabolic effects is unclear.
Therefore this study aimed to investigate the effects of 1 day and 7 days GTE supplementation on fat oxidation rates during moderate intensity exercise, compared to placebo. Furthermore to elucidate if the duration of GTE ingestion plays a role in upregulating metabolism, during a moderate intensity exercise bout, we compared fat oxidation rates following 1 day and 7 days supplementation compared to baseline.
PARTICIPANTS AND METHODS

Participants
Forty three male participants were recruited for the study. Inclusion criteria included habitual caffeine intake of ≤ 400 mg/day (approximately ≤ 4 cups coffee/ day) to ensure that all participants were low to moderate caffeine consumers and not desensitized to any caffeine effects. This data was obtained from a caffeine consumption questionnaire. Only 5 participants consumed coffee on a daily basis (range 1-4 cups/ day), 16 participants consumed coffee 1-3 times a week and 22 participants were non-coffee drinkers. In addition all volunteers were required to participate in exercise 3-5 times/ week for 30-90 min.
Generally, highly trained endurance athletes have high absolute whole body fat oxidation rates (3), as a result of skeletal muscle adaptations from endurance type training. Thus, GTE supplementation may not be potent enough to increase fat oxidation further. Therefore, we recruited subjects who were moderately trained so they could complete the exercise bout at east but not have the skeletal muscle adaptations of an endurance trained athlete.
All participants gave written informed consent to participate in this study and were healthy according to the results of a general health questionnaire. All procedures and protocols were approved by the Life and Sciences Ethical Review Committee at the University of Birmingham.
Preliminary Testing
At least 1 week prior the baseline exercise trial, all participants reported to the Human Performance Laboratory, at the University of Birmingham, for a preliminary fitness test.
Participants underwent an incremental exercise test, on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, Netherlands), to volitional exhaustion. After a 5 min warm up at 75 W, participants started the test by cycling at 95 W for 3 min. Their effort was increased every 3 min, in incremental steps of 35 W, until they reached voluntary exhaustion. W max (maximal amount of power) was calculated using the following equation (26) .
Where W out is the power output of the last stage completed during the test, and t is the time spent, in seconds, in the final stage. Throughout the test respiratory gas measurements (VO 2 and VCO 2 ) were collected continuously using an Online Gas Analyser (Oxycon Pro, Jaeger, Wuerzburg, Germany). VO 2 was considered maximal and the test was stopped if 2 out of the 4 following criteria were met. 1) no further increase or a decrease in VO 2 even when workload increased 2) a respiratory exchange ratio (RER) of >1.05 3) a heart rate within 10 beats per min of age predicted maximal heart rate 4) a cadence of 50 rpm could not be maintained. Heart rate (HR) was recorded during each stage of the test using a HR monitor (Polar). W max was used to determine the work load for all subsequent experimental trials (50% W max ).
A C C E P T E D
General Study Design
In a parallel, double-blind design study, participants completed two exercise tests separated by a week of supplementation. Participants were randomly assigned to one of three supplementation conditions: 1) 7 days placebo (PLA); 2) 6 days of PLA followed by 1 day of GTE (GTE1); 3) 7 days of GTE supplementation (GTE7) (Figure 1 ). Exercise tests were performed before (baseline, Day 0) and after the supplementation week (Day 8). During each trial participants rested for two hours and then completed a 60 min cycling exercise at 50% of their predetermined W max (55% VO 2 max) ( Figure 1 ). This exercise type and duration was used to ensure that participants were in steady state and also working at an exercise intensity which is known to elicit maximal fat oxidation (2).
Exercise Test
All participants reported to the Human Performance Laboratory between 0600 and 0800 am after a 10-12 hour overnight fast and having avoided any strenuous exercise and consuming any alcohol and caffeinated beverages in the preceding 24 hours. The exercise bout in the present study was performed following an overnight fast. This is in line with previous research from our lab (42). There is limited research investigating the effects of GTE on fat oxidation during exercise. We wanted to ensure that there were as few confounding factors (such as food intake which would decrease fat oxidation and increase CHO oxidation), as possible. We can therefore be confident that any changes we may see in fat oxidation are a result of the GTE ingestion. one hour before evening dinner for seven days, and an additional drink (1 can) was consumed on the morning of the second exercise test (Day 8). The supplement was a slightly flavoured peach and apricot beverage (330 mL/ can) which was enriched with GTE and caffeine. The placebo beverage was matched for colour and flavour, and contained no catechins but a small amount of caffeine (9.9 mg/can). The amount of GTE in each drink (can) was ~560 mg total catechins (120 mg caffeine), equivalent to ~4 cups of green tea. Of the 560 mg of total catechins ~210 mg was EGCG. To ensure compliance, daily text messages were sent to all participants once a day to remind them to consume the drinks. Participants were instructed to fill in a log sheet detailing the time they consumed each beverage. In addition, participants were required to return all empty cans when they visited the lab for the second exercise trial.
Diet Control
Before participating in the first exercise trial participants were shown the controlled diet menu. Foods were replaced if an individual disliked any of the available foods and were replaced with foods that had a similar nutritional content. This was to ensure, as best as we could, that all participants consumed the diet. The same diet was given to all participants to consume in the 24 hour period before both trials. The diet consisted of three meals (breakfast, lunch and dinner) each containing ~50% carbohydrate (CHO), ~35% fat and ~15% protein equating to ~2200 kilocalories (kcal). During this 24 hour control period participants were asked to refrain from any strenuous physical activity and to not consume alcohol or caffeine based beverages.
A C C E P T E D
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Blood Variables
All tubes were centrifuged at 3500 rpm for 15 min at 4 °C. Aliquots of plasma and serum were immediately frozen in liquid nitrogen and stored at -80 °C for later analysis.
Where appropriate, plasma FAs [NEFA-C; Wako Chemicals, Neuss, Germany], and glycerol (Glycerol; Randox, England) were analysed on an ILAB 650 (Instrumentation Laboratory, Cheshire, United Kingdom).
Plasma EGCG
To 
Statistical Analysis
The study was designed as a parallel trial with 3 arms: 2 GTE groups (GTE1 or GTE7) and a placebo. measures ANOVA (group x time). Plasma EGCG levels were compared between Day 0 and Day 8 of each condition using repeated measures ANOVA. Significance was set at P <0.05.
RESULTS
Subjects
Due to injury and illness four participants did not complete the Day 8 trial therefore they have not been included in the final analysis. Participants that worked at a percentage of VO 2 max that was >10% different between trials were excluded from the final data set (n=5).
In addition, following a blind review of the data set, participants with baseline blood metabolite data that were >2SD from the mean were removed (n=3). Therefore data were available and analyzed for 31 subjects (PLA n=10, GTE1 n=11, GTE7 n=10). All subjects were healthy males; there was no significant difference in age, weight, height, BMI and VO 2 max between the groups (Table 1. ).
Workload and exercise intensities
On Day 0 the workload of 50% W max (151 ± 4 W), used during the 60 min exercise bout, elicited a relative VO 2 of 56 ± 1, 59 ± 1 and 57 ± 1 %VO 2 max for PLA, GTE1 and GTE7 respectively. VO 2 on Day 8 was not significantly different to Day 0 in the PLA and GTE7 groups. In the GTE1 group, VO 2 was significantly lower on Day 8 compared to Day 0 (59 ± 1 and 57 ± 1 % VO 2 max Day 0 and Day 8 respectively (P <0.05)).
There was no difference in heart rate between the three groups on Day 0 (P = .236) or 
Fat and carbohydrate oxidation
Supplementation of 1 day GTE and 7 days GTE failed to increase average whole body fat oxidation rates, compared to placebo during the 60-min exercise bout ( Table 2 ). In addition, RER did not differ between Day 0 and Day 8 in all three groups (Table 2) . Thus, the contribution of fat and CHO to total energy expenditure did not differ between groups (Table   2) . 
Plasma metabolites
). Two hours after GTE ingestion (Day 8) plasma
FAs did not change in the GTE1 group compared to Day 0. Plasma FAs at rest (t=0) and following GTE ingestion (t=120min) on Day 8 were significantly higher in the GTE7 group compared to PLA. During exercise plasma FAs was unaffected by PLA or 1 day GTE ingestion ( Figure 3A ). In the GTE7 group plasma FA during exercise were higher after 7 days of GTE ingestion (Day 8) compared to Day 0 (P=0.020) ( Figure 3A) . respectively). During exercise plasma glycerol concentrations were unchanged after supplementation in PLA and GTE1 but were significantly higher in the GTE7 group when compared to Day 0 (P=0.045) ( Figure 3B ).
Plasma EGCG
As expected, plasma EGCG concentrations were negligible before and after the supplementation period in the placebo group (Figure 4) . Following GTE ingestion the EGCG concentrations in the GTE1 and GTE7 groups were significantly higher at rest and during exercise (P<0.001) but the concentrations were very similar in the two GTE groups ( Figure   4 ). Before GTE ingestion (t=0) on Day 8, plasma concentrations of EGCG were significantly higher compared to Day 0 in both GTE1 and GTE7. Concentration at t=0 were around 70 ng•mL -1 rising to 220-250 ng•mL -1 60 min after GTE ingestion and levelling off after this.
Even 180 min after ingestion GTE concentrations were still elevated (~240 ng•mL -1 ). On Day 8 there was no significant difference in the area under the curve between GTE1 and GTE7.
DISCUSSION
In the present study, after 7 days (but not 1 day) of GTE (plus caffeine) consumption, we observed an increase in plasma FA concentrations at rest and FA and glycerol A C C E P T E D concentrations during exercise. This would indicate that lipolysis was stimulated. However, fat oxidation rates were unchanged following 1 day and 7 days GTE ingestion. This study is, to the best of our knowledge, the first to directly compare the effects of 1 day and 7 days GTE ingestion on fat oxidation during a 60 min exercise bout.
An earlier study from our lab (42) found a 17% increase in fat oxidation during exercise (30 min cycle at 50% Wmax), compared to placebo, following a supplementation period which was identical to the GTE1 group. These studies are similar in design and participant characteristics therefore there is no immediately obvious explanation for the contrasting findings. However, slight differences in GTE composition could have influenced the outcome of our study.
In our previous study (42) the GTE did not contain caffeine. However, in the present study, subjects consumed 240 mg caffeine/ day (in addition to 1200 mg catechins/ day during the supplementation week) and an additional 120 mg of caffeine two hours before the exercise bout. Caffeine has been shown to stimulate glycolysis, evidenced by increased plasma lactate concentrations or reduced lactate clearance (15) . Furthermore, there is a clear negative correlation between lactate accumulation and fat oxidation (4) . Metabolomic analysis of plasma samples from this study, found an increase in plasma lactate during exercise following 7 days of GTE ingestion (17) . It could be suggested that caffeine induced an increase in glycolysis resulting in blunting of fat oxidation. However in the present study, there were no differences in carbohydrate oxidation rates with GTE ingestion. Berube-Parent et al (5) gave subjects a GTE varying in doses of EGCG (270, 600, 900 and 1200 mg) all containing 600 mg of caffeine. No differences in fat oxidation were observed between the GTE groups and placebo. Although plasma FAs and lactate concentrations were not measured, the authors argued that the high dose of caffeine ingested masked the fat metabolism enhancing effects of green tea.
A C C E P T E D
Acute caffeine ingestion has also been associated with increasing FA availability (1, 11, 20) , indicative of lipolysis upregulation. Our present study found an increase in plasma FAs at rest and during exercise, following 7 days of caffeinated GTE ingestion. However, this does not explain why circulating FAs and glycerol were not increased following one day of GTE ingestion.
Endurance training affects substrate utilization. In humans, endurance exercise training programs, as short as nine days, have found increased expression of fatty acid translocase (FAT)/CD36 and carnitine palmitoyltransferase I mRNA, both involved in the uptake of FAs in the skeletal muscle for subsequent oxidation (40). This increased expression of fat metabolism enzymes results in fully functional proteins when exercise training programs are extended (23) . Rodent studies have reported increases in protein expression, of enzymes involved in fat metabolism, when GTE has been consumed at rest and alongside exercise training. Sae-Tan et al (37) found that rats supplemented with EGCG for 16 weeks, had increased expression of medium-chain acyl-CoA dehydrogenase (MCAD), uncoupling protein 3 and peroxisome proliferator activated receptor (PPAR) α mRNA. All three of these genes are associated with fat metabolism and mitochondrial biogenesis. In particular, PPARα are transcription factors for enzymes involved in β-oxidation. In this study (37) the rats did not exercise however it appears that EGCG supplementation may mimic the adaptations seen following exercise training. Murase et al (6) found that chronic (10 weeks) ingestion of a GTE, in combination with exercise training, increased β-oxidation activity in mice compared to an exercise only group. This enhanced fat metabolism was attributed to increased expression of FAT/CD36 and MCAD mRNA. Therefore, chronic GTE ingestion alongside an exercise training programme may aid training adaptations. However the current evidence for this is found in animal studies, invasive (muscle biopsies) human studies are needed before conclusions can be made on the mechanisms of long term GTE ingestion.
The effect of chronic GTE ingestion, on fat oxidation during exercise, has been studied in humans. Ota et al (34) administered a GTE beverage over a 2 month period in conjunction with exercise training (treadmill exercise; 5km/hour for 30min 3 times a week).
In this study participants only consumed the GTE beverage 3 times a week, before or immediately after an exercise training bout. Here the authors observed that after this 2-month period fat oxidation rates were 24% higher in the GTE group, during exercise, compared to those who had received a placebo beverage. The authors gave no explanation for these findings. It is widely suggested that GTE may exert its effects on fat oxidation primarily through the inhibition of COMT, leading to a suppression of adrenaline degradation and in turn prolonging adrenergic drive and promoting lipolysis. It could be speculated that the increase in fat oxidation observed in the study by Ota et al (34) was a result of GTE-induced expression of fat metabolism proteins and enzymes. In the context of the present study, seven days of GTE supplementation may not have been long enough to form functional proteins to upregulate fat oxidation. Thus, future studies should investigate the effects of chronic GTE supplementation on fat oxidation during exercise.
To our knowledge this is the first study, investigating the metabolic effects of GTE, to report plasma EGCG concentrations at rest and during exercise. Circulating EGCG levels, on Day 8, were not different between the two GTE groups. EGCG has a half life of 8 hours (10) therefore we did not expect a difference in plasma concentrations. However, GTE ingestion in the GTE7 group appeared to have an effect on lipolysis and not in the GTE1 condition.
Circulating FAs and glycerol levels were elevated at rest and during exercise, both indicative of increased lipolysis. This confirms that long term GTE ingestion may be more effective in enhancing fat metabolism than acute effects, and are not directly related to plasma EGCG concentrations. It is possible that the increases in lipolysis are explained by longer term adaptations, other catechins or caffeine which may be more active than EGCG. However, this
does not explain why we did not observe an increase in fat oxidation following GTE consumption. All studies investigating the effects of GTE ingestion on substrate metabolism have not reported plasma EGCG concentrations. Thus, we do not know if the plasma EGCG concentrations, in the present study, are lower than in those studies that found GTE ingestion to increase fat oxidation rates.
Higher rates of fat oxidation have been found in trained compared with an untrained population (33) . It could be argued that we did not find changes in fat oxidation with GTE ingestion because the subjects, in the present study, were relatively well trained. It has indeed been shown that training results in increased fat oxidation although VO2max (an indicator of training status) is a poor predictor (41). It is clear that fat oxidation can be increased quite substantially as a result of nutritional manipulation, even in well trained individuals. For example, glycogen depletion will result in large increases in fat oxidation both in trained and untrained individuals (35) . Furthermore, the 17% increase in fat oxidation, with GTE ingestion in the study by Venables et al (42), was found in subjects with similar training status to the subjects in the present study. Thus, it is unlikely that training status, of the subjects, may have masked the effects of GTE ingestion on fat oxidation. In addition, recent findings from Richards et al (36) found that 3 days of EGCG ingestion (total of seven capsules ingested; 135 mg/capsule) increased VO 2 max by 4.4% compared to placebo. It could be suggested that GTE + caffeine consumption may have increased the VO 2 max of participants in the GTE7 group. This would have resulted in subjects working at a lower exercise intensity (% VO 2 max) on the Day 8 trial. However, the study by Richards et al (36) only used EGCG the present study used a GTE (containing all catechins) plus caffeine. The effects of GTE plus caffeine on VO 2 max are therefore unknown. Furthermore, the study by Richards et al (36) is the only data on the effects of EGCG on VO 2 max. Thus more studies are needed before clear conclusion in this area can be made.
In the current study we gave all subjects a controlled diet, consisting of 50% CHO, 35% fat and 15% PRO, to consume in the 24 hours before each exercise trial.
Unintentionally, this diet only consisted of ~2200 kcal. Although this is lower than the recommended requirements for healthy young males, data on subject's habitual food intake was not obtained. Therefore we cannot be certain that subject's were in a state of negative energy balance when they completed each trial. However, we have confidence that all subjects were tested in the same state for both trials thus, eliminating any affects this may have on our results.
In conclusion, the present study showed no effect of 1 day GTE plus caffeine supplementation on lipolysis or whole body fat oxidation during moderate-intensity exercise.
The combined effect of GTE plus caffeine for seven days increased lipolysis but did not result in measurable changes in whole body fat oxidation. These results suggest that the often documented COMT mechanisms may be less important than longer term adaptations of fat metabolism caused by GTE plus caffeine supplementation. ) over the 60-min steady state exercise bout at baseline (Day 0) and post supplementation (Day 8) in the PLA, GTE1 and GTE7 group. No significant differences were found in any of the measurements. 
